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WRP/srGAP3 Facilitates the Initiation of Spine Development
by an Inverse F-BAR Domain, and Its Loss Impairs Long-

Term Memory
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The WAVE-associated Rac GAP, WRP, is thought to regulate key aspects of synapse development and function and may be linked to
mental retardation in humans. WRP contains a newly described inverse F-BAR (IF-BAR) domain of unknown function. Our studies show
that this domain senses/facilitates outward protrusions analogous to filopodia and that the molecular basis for this is likely explained by
a convex lipid-binding surface on the WRP IF-BAR domain. In dendrites the IF-BAR domain of WRP forms a bud on the shaft from which
precursors to spines emerge. Loss of WRP in vivo and in vitro results in reduced density of spines. In vivo this is primarily a loss of
mushroom-shaped spines. Developmentally, WRP function is critical at the onset of spinogenesis, when dendritic filopodia are prevalent.
Finally, because WRP is implicated in mental retardation, behaviors of WRP heterozygous and null mice have been evaluated. Results
from these studies confirm that loss of WRP is linked to impaired learning and memory.

Introduction
Dendritic spines are the postsynaptic structures responsible for
the majority of excitatory synaptic transmission. As such they are
being extensively studied for their roles in information storage
and processing in response to experience. Spine formation and
function is intimately coupled to remodeling of the spine actin
cytoskeleton, which may translate information as changes in the
membrane receptor composition and shape of the spine (Allison
etal., 1998; Fischer et al., 2000; Fukazawa et al., 2003; Carlisle and
Kennedy, 2005; Bourne and Harris, 2008; Wang et al., 2008).
How this occurs during development and during plasticity is
likely governed by unique signaling pathways to the spine actin
cytoskeleton that is coupled to the membrane.

WAVE-1 functions as a scaffold for actin-based signaling in
spines and proteomic analysis of the WAVE-1 signaling complex
has identified WRP, a regulator of Rac and WAVE-1 signaling in
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neurons (Soderling et al., 2002). WRP binds WAVE-1 via its
C-terminal SH3 domain, and genetic analysis in mice reveals that
WAVE-1 regulates spine density (Soderling et al., 2007). Disrup-
tion of this signaling pathway results in multiple behavioral
abnormalities, including deficits in sensorimotor gating and var-
ious learning and memory processes.

Little is known about the spatial targeting of WRP in neurons
or how it may contribute to neuronal development. WRP and the
stGAP family members have a conserved N-terminal Fes and
CIP4 homology BAR-like (F-BAR) domain (Itoh et al., 2005;
Aspenstrom, 2009). Several studies have shown this to be a lipid-
binding domain that induces membrane invagination and regu-
lates processes such as endocytosis (Takei et al., 1999; Kamioka et
al., 2004; Itoh et al., 2005; Icking et al., 2006; Tsujita et al., 2006;
Shimada et al., 2007). Surprisingly, a recent study of srGAP2
showed that its F-BAR domain enhances outward membrane
protrusions (Guerrier et al., 2009). Because the membrane topol-
ogy facilitated by the F-BAR domain of srGAP2 is opposite of
other F-BAR domains, it has been termed an inverse F-BAR or
inverse F-BAR (IF-BAR) domain (Carlson and Soderling, 2009).
Yet, how common the IF-BAR domain is or what the physiolog-
ical functions of these domains are remains very unclear.

A balanced chromosomal translocation within 3p25 from an
individual with severe mental retardation has been shown to se-
lectively disrupt the coding region of WRP within the IF-BAR
domain (Endris et al., 2002). This observation implied WRP is
linked to mental retardation in humans. That the IF-BAR do-
main may be physiologically important itself is suggested by nat-
ural splice variants of WRP, which include an isoform that
encodes for just the IF-BAR domain (Endris et al., 2002). Thus,
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the current evidence raises three important questions. First, what
is the cellular role of the WRP IF-BAR domain? Second, is the
IF-BAR domain of WRP alone sufficient for any of the cellular
functions of WRP? Third, is haploinsufficiency of WRP associ-
ated with cognitive deficits in a model organism?

Here, we analyze the role of WRP in spine development and
test its role of cognitive functioning. The cumulative results of
this study suggest a molecular mechanism whereby WRP regu-
lates spine development in vivo during the induction of filopodia
and support a possible link between WRP and human mental
retardation.

Materials and Methods

Cell culture and transfections

3T3, Cos7, and HEK293T fibroblasts were cultured in DMEM supple-
mented with 10% FBS and 10 U/ml penicillin G (sodium salt) and 10
ug/ml streptomycin sulfate. Primary neuronal cultures from rat and
mouse hippocampi were prepared as described previously (Banker and
Goslin, 1988). Briefly, postnatal day 0 (P0) rodents were killed by rapid
decapitation and hippocampal neurons were collected, pooled, and
plated on poly-L-lysine-treated coverslips in 12-well plates at a density of
300,000 cells/well. Neurons were cultured in Neurobasal A medium sup-
plemented with 2% (v/v) B-27 supplement and 1% (v/v) GlutaMAX
(Invitrogen). Neuronal culture medium was refreshed every 5 d after
plating with 1 ml of the above medium supplemented with 5 um cytosine
B-p-arabinofuranoside (Sigma-Aldrich) to restrict non-neuronal cell
growth. Neuronal transfections were performed using Lipofectamine
2000 according to the manufacturer’s instructions (Invitrogen) on either
days in vitro (DIV) 5 or DIV9 after plating. Neuronal cultures were
transfected with 2.0 ug of plasmid DNA consisting of 0.75 ug of a soluble
tandem dimer Tomato (tdTomato) fluorescent protein-expressing plas-
mid and 1.25 pg of either a Cre-green fluorescent protein (GFP)-
expressing plasmid or an empty sham vector. Rescue experimental
cultures were transfected with 2.0 ug of plasmid DNA consisting of 0.50
ug of a soluble tdTomato-expressing plasmid and 0.75 ug of a Cre-GFP-
expressing plasmid and 0.75 ug of a plasmid expressing either the GFP-
tagged WRP IF-BAR domain, a V5-tagged full-length WRP construct, or
a V5-tagged full-length WRP construct with the R211E/R212E mutation
in the IF-BAR domain. HEK293 FreeStyle cells were grown in suspension
in 293 Freestyle media (Invitrogen). Transfections in Cos7 and hippocampal
neurons were performed using Lipofectamine 2000 according to the manu-
facturer’s instructions (Invitrogen). Transfections in HEK293 FreeStyle cells
were performed using 2 mg of 25 kDa linear polyethylemine (Polysciences)
and 1 mg of DNA per liter of cells at a density of 1 X 10° cells/ml. Cells were
harvested 3 d post-transfection.

Plasmid constructs

WRP IF-BAR mutant constructs were made using the Strategene
QuikChange IT XL Site-Directed Mutagenesis Kit according to the man-
ufacturer’s instructions using full-length WRP in pcDNA3.1, the WRP
IF-BAR domain (residues 1-494 of WRP) in pBetaActin yellow fluores-
cent protein (YFP), or pGEX 4T-1 as the template. The yeast phospha-
tidylinositol 4,5-bisphosphate phosphatase Inp54 was a generous gift
from Dr. John York (Duke University, Durham, NC). FBP17 was
isolated by PCR from expressed sequence tag clone 6683892 (Ameri-
can Type Culture Collection, Manassas VA) and cloned into the Hin-
dIII site of the pBA-GFP vector. pCAG-Cre:GFP was supplied by
Addgene (Cambridge, MA).

Antibodies and stains

For Western blot analyses, antibodies against GST (Millipore) and WRP
(Soderling et al., 2007) were used. Flamingo Fluorescent Gel Stain
(Bio-Rad) was used according to the manufacturer’s instructions to
fluorescently stain gels, which were imaged with the Typhoon 9400
Phosphorimager (GE Healthcare).

Microscopy and image analysis
Cells were prepared for microscopy by fixation in 4% paraforalde-
hyde/4% sucrose in PBS for 15 min at 37°C. Coverslips were mounted
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with FluorSave Reagent (Calbiochem). Images were taken on a Zeiss
LSM 510 Meta, Zeiss LSM 710, or Leica SP2 microscope. All images were
acquired using either a 63X/1.4 numerical aperture (NA) oil-immersion
objective or a 100X/1.4 NA oil-immersion objective. Data collected were
filtered in Image] (NIH) using Despeckle for the whole image. Maximum
image projections and three-dimensional projections used in spine den-
sity calculations were also made in ImageJ from confocal z-series images.
Additionally, dendrite lengths used to calculate spine density were mea-
sured in Image] using the Neuron] plug-in (Meijering et al., 2004) from
the maximum image projections. For statistical analysis, an unpaired ¢
test with Welch correction was performed.

Spines were counted as dendritic protrusions measuring <3 pum in
length and were classified into four qualitative categories based upon
their visual appearance: mushroom, thin, stubby, and filopodial. Mush-
room spines were defined as short spines with bulbous heads that had a
width greatly exceeding the width and length of the neck. Thin spines
were defined as longer spines with smaller bulbous heads having a width
greater than the width of the neck but smaller than the length of the neck.
Stubby spines were defined as a spine head attached to the dendritic shaft
without any narrowing between the maximum head diameter and the
contact point with the shaft. Filopodial spines were defined as long, slen-
der projections from the dendritic shaft without any noticeable widening
at the tip. A quantitative analysis of the spine head width and the spine
neck length parameters for mushroom and thin spines was conducted to
ensure there was no blurring of the two categories. Mushroom spines
averaged 571 = 7.2 nm in head width and 298 *+ 4.4 nm in neck length,
while thin spines averaged 382 * 9.5 nm in head width and 671 = 18.6
nm in neck length ( py, = 0.0001, py, = 0.0001).

Line analyses were performed using MetaMorph (Molecular Devices).
Briefly, a line analyzing fluorescence was drawn across the cell, and back-
ground readings were subtracted. The first 3 wm was considered to be the
plasma membrane (PM). The average of the two highest fluorescent
points from the plasma membrane was divided by the average fluores-
cence from the middle 3 wm of the cell. The PM index then is a ratio of the
highest fluorescence in the plasma membrane to the average fluorescence
in the cytoplasm of the cell.

Protein expression and purification

The IF-BAR domain of WRP, along with its respective point mutants,
Rac, the F-BAR domains of srGAP1 and FNBP2, and FBP17, were all
expressed as N-terminal GST fusions in bacteria (BL-21). Proteins were
purified using glutathione-Sepharose (Sigma) at 4°C and eluted in 50 mm
Tris, 150 mm NaCl, 3 mm DTT, and 25 mm reduced glutathione (Sigma)
at pH 7.5. For lipid overlays, proteins were dialyzed in 1X PBS. For
liposome cosedimentation studies, proteins were dialyzed in 0.1 M su-
crose, 20 mm HEPES, 100 mm KCl, and 1 mm EDTA.

Full-length WRP V5/His and its respective point mutants were ex-
pressed in polyethylenimine-transfected 293 Freestyle cells and purified
using nickel nitrilotriacetic acid agarose (Qiagen) at 4°C. Proteins were
eluted in 10 mM sodium phosphate buffer, 1 m NaCl, 250 mm imidazole,
and 5 mM B-mercaptoethanol at pH 7.3. Proteins were dialyzed in 0.1 m
sucrose, 20 mm HEPES, 100 mMm KCl, and 1 mm EDTA. The proteins were
concentrated using a 100 kDa centrifugal filter unit (Millipore) and an-
alyzed with Coomassie-stained SDS-PAGE gels.

Liposome preparation

Lipids were dried by evaporation and resuspended in 0.1 M sucrose, 20
mM HEPES, pH 7.4, 100 mm KCl, and 1 mm EDTA. After five cycles of
freeze/thaw, large unilamellar vesicles were made by extrusion through a
100 nm pore diameter membrane. The lipids were then washed by the
addition of extra buffer, pelleted by centrifugation at 100,000 X gfor 1 h
at 10°C, and resuspended in the same buffer. A phosphate assay was used
to determine the final lipid concentration (Chen et al., 1956).

Lipid array overlays

Lipid overlays were performed according to the manufacturer’s instruc-
tions (Echelon). Membranes prespotted with lipids were blocked in 3%
fatty acid-free BSA (Sigma) in PBS with Tween 20 at room temperature
for 1 h. Membranes were then incubated with 0.5 pg/ml the F-BAR
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WRP-GST or 1 ug/ml PLC3-PH-GST overnight at 4°C and then Western
blotted for GST.

Liposome sedimentation assays

Proteins were centrifuged at 100,000 X gfor 1 h at 10°C. Five micrograms
of protein was incubated with 100 ug of liposomes at room temperature
in a final volume of 200 ul for 15 min. In negative controls, buffer (0.1 m
sucrose, 20 mM HEPES, pH 7.4, 100 mm KCl, and 1 mm EDTA) was
added instead of lipids. The reaction mixtures were then centrifuged at
100,000 X g for 1 h. The supernatant was separated from the pellet, and
the pellet was resuspended with buffer in a volume equal to that of the
supernatant. Affinity measurements were performed by cosedimentation
assay using 297 nM WRP IF-BAR domain with varying concentrations of
phosphatidylethanolamine/phosphatidylcholine/phosphatidylinositol 4,5-
bisphosphate liposomes. Samples were then electrophoresed on a 7% SDS-
polyacrylamide gel and analyzed by Western blot or Flamingo fluorescent
stain.

Scanning electron microscopy

3T3 cells were transfected with GFP-tagged constructs (FBP17 and WRP
IF-BAR) using Lipofectamine 2000 according to the manufacturer’s di-
rections (Invitrogen). After 24 h, the cells were sorted by fluorescent-
activated cell sorting (FACS) for GFP expression using a BD FACS Aria I
(A02) and replated onto 12 mm coverslips. The next day, cells were fixed
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, for 1 h. The
coverslips were then washed three times with water and then subjected to
1% osmium tetroxide in 0.1 M cacodylate buffer for 20 min. After wash-
ing three times with water, the samples were then subjected to dehydra-
tion in a graded ethanol series (50, 70, 80, 90, 95, and 100%). A BAL-TEC
CPD030 Critical Point Dryer and Polaron E-5100 sputter coater were
used to further dehydrate and coat the samples, after which the images
were collected on a JEOL 6300 with the Orion Digital Micrography
System.

Protein structure modeling

Template-based homology modeling was conducted using Phyre (Kelley
and Sternberg, 2009). For this experiment, Phyre searched the Structural
Classification of Proteins (SCOP) and Protein Data Bank databases for
homologs of the WRP F-BAR domain using a profile—profile alignment
algorithm. As expected, the top three high scoring alignments were the
F-BAR domains of FBP17 (SCOP Code, c2eflA; E-value = 3.8 ~2°), CIP4
(SCOP code, c2efkA; E-value = 9.8 2°), and FCHo2 (SCOP code,
c2v00B; E-value = 1 2°). Coordinates from the resulting model, con-
structed in Phyre by alignment-based threading of the WRP sequence
into the solved structure of the FBP17 F-BAR domain, were downloaded
and visualized using MacPyMOL (DeLano Scientific).

Animals

Conditional WRP knock-out animals were produced by homologous
recombination at the Duke Transgenic Core Facility (Durham, NC).
Briefly, a targeting construct was prepared by bacterial artificial chromo-
some recombineering, placing LoxP sites to flank exon 3 of WRP. Em-
bryonic stem cells were selected for neomyocin resistance and screened
for homologous recombination by PCR and Southern blot. All mice were
housed in Duke University’s Division of Laboratory Animal Resources
facilities and all procedures were approved by the Duke University Insti-
tutional Animal Care and Use Committee and were in accordance with
National Institutes of Health guidelines. For behavioral testing, Nestin-
Cre positive (The Jackson Laboratory, stock no. 003771) male and female
mice from heterozygous breeding pairs were transferred to the Duke
University Medical School Mouse Behavioral and Neuroendocrine Anal-
ysis Core Facility at 3 months of age. Behavioral testing was conducted on
eight or nine mice of each genotype composed of four or five males and
females over the next 6 months in the order of the least to most stressful
tests.

Behavioral testing

Novel object recognition test. Testing was conducted on two consecutive
days. On the first day, animals were individually placed into clear poly-
carbonate test boxes and presented with two identical objects for 10 min.
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Mice were then returned to their home cage for 20 min before being
returned to the test arena for a 10 min short-term memory (STM) reten-
tion test, where one training object was replaced with a novel object. The
animals were re-examined 24 h later for long-term memory (LTM) re-
tention in a 10 min test with the familiar training object paired to a
second novel object. Testing was conducted under indirect moderate
illumination (80 lux) and filmed for later analyses using the Noldus
Observer. Tapes were scored by a trained observer blind to the animal
genotype or the test condition (STM or LTM). Preference for the novel
object was expressed as a ratio of the total time spent with the familiar
object subtracted from the total time spent with novel object, divided by
the total time spent exploring both objects. Positive preference scores
indicated a preference for the novel object, negative scores for the famil-
iar, and scores approximating “0” indicated no preference. Repeated
measures ANOVA (RMANOVA) was used to assess preference scores
and total exploration time during STM and LTM tests; within-subject
effects were designated as test time and between-subject effects as geno-
type. Significant test time by genotype interactions were decomposed
with Bonferroni corrected pairwise comparisons. In all cases, data were
shown as mean = SEM and p < 0.05 was considered statistically signif-
icant; n = 8§—12 mice per genotype.

Morris water maze. Mice were handled and acclimated to water for 1
wk before the start of testing, and water maze learning was conducted
using methods described previously (Rodriguiz et al., 2008; Roberts et al.,
2009). The water maze was divided into four quadrants with a platform
hidden 1 cm below the water surface in the northeast quadrant (see Fig.
7E). Water was made opaque with the addition of nontoxic white poster
paint. Animals were trained daily to swim to the hidden platform over
6 d, with four 1 min test trials per day. Probe tests for the memory of the
hidden platform were conducted 1 h following completion of the final
test trial on days 2, 4, and 6. Remote memory was examined with a single
probe test 21 d after the final acquisition test day (day 28). Following
remote memory testing, animals were retrained to swim to the hidden
platform for 1 d. On day 30, the platform location was changed to the
southwest quadrant, and reversal learning was conducted over six addi-
tional days. Probe tests for the new platform location were conducted on
days 31, 33, and 35. A separate set of mice was examined in the water
maze using a platform made visible in the water by the placement of a flag
marking the location. Performance of the mice on all test trials was as-
sessed by swim time to the hidden platform from tracking profiles cre-
ated by EthoVision (Noldus Information Technology). For probe tests,
the total time mice spent swimming in each quadrant of the water maze
was calculated for the 1 min trial. Learning curves for acquisition and
reversal testing were assessed with RMANOVA, using test trial as the
within-subject effect and genotype as the between-subject effect. Probe
tests for the acquisition training and remote tests and for the reversal
training were also analyzed with nested RMANOVA, using arena quad-
rant and test day as within-subject effects and genotype as the between-
subject effects. In all cases, Bonferroni corrected post hoc comparisons
were examined when significant interactions between the within-subject
and between-subject effects were obtained. For all analyses, data were
expressed as mean = SEM and p < 0.05 was considered statistically
significant; n = 8§—9 mice/genotype.

Passive avoidance test. The test was conducted in the two-chambered
light—dark apparatus as described above (Med-Associates). Animals
were given one conditioning trial per day, with 24 h interposed between
each trial for five consecutive days. On each day, the animal was placed
into the lighted chamber and after 5 s the door was opened to the dark-
ened chamber. Once the mouse had crossed to the darkened chamber,
the door was closed and a 5 s scrambled foot shock (0.3 mA) was given.
The animal was removed immediately following the foot shock and re-
turned to its home cage. To examine LTM processes, the mice were
returned to the apparatus 72 h (day 8) after the final conditioning trial
(day 5), and the latency to cross to the darkened chamber was recorded.
Data were expressed as mean = SEM and analyzed by RMANOVA with
test trial [days 1, 2, 3,4, 5 and 8 (72 h recall)] used as the within-subjects
effect and genotype as the between-subjects effect. A posteriori tests were
performed with Bonferroni pairwise corrected comparisons, and in all
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Figure 1.  Analysis of WRP F-BAR membrane lipid interactions. A, Image of Coomassie-stained SDS-PAGE gel showing molecular weight markers (M) and purified GST-F-BAR domain. B,
Representative immunoblot analysis of purified WRP F-BAR domain incubated on a membrane lipid array to detect WRP F-BAR and lipid interactions. Each lipid on the array is labeled. PtdIns,
Phosphatidylinositol; DAG, diacylglycerol; Sulfatide, 3-sulfogalactosylceramide. C, Liposome cosedimentation analysis of WRP F-BAR with PE/PC liposomes containing 10% PA, PIP,, or PIP,).
Negative controls of buffer alone and PE/PCoonly are also shown. Protein is visualized using an in-gel fluorescent stain. Sup, Supernatant. D, Cosedimentation analysis of purified full-length WRP.
WRPis soluble in buffer alone (lanes 1,2), but cosedimentates with PIP, in the pellet (lanes 3,4). S, Supernatant, P, pellet. E-G, Representative fluorescent images of Cos7 cells expressing F-BAR GFP
(E), F-BAR GFP and the yeast PIP, phosphatase Inp54 (F), or GFP alone and Inp54 (G). H, Graph depicting the ratio of fluorescence at the membrane (F,,) to cytosolic fluorescence (F,,) localization

of the F-BAR GFP in the presence or absence of coexpression with Inp54 or GFP with Inp54. Expression of Inp54 disrupts the membrane targeting of WRP F-BAR GFP. Data represent mean == SEM,

n = 10 for each point; ***p < 0.001, F-BAR GFP versus any other condition.

cases p < 0.05 was considered significant; n = 5-8 mice/genotype, *p <
0.05 compared to wild type (WT); +p < 0.05 compared to day 1.

Sensitivity to foot shock. Mice were acclimated to the apparatus for 60 s.
Animals were randomly presented six different intensities (0.05, 0.1, 0.2,
0.3,0.4,and 0.5 uA) of scrambled foot shock for 2 s. Behavioral responses
were videotaped and subsequently scored using the Observer program
(Noldus Information Technology) as described previously (Grove et al.,
2004). RMANOVA was used to assess within-subject effects of shock
intensity and between-subject effects of genotype. Bonferroni corrected
pairwise comparisons were used for all post hoc analyses. In all cases, data
are expressed as mean * SEM, and p < 0.05 was considered statistically
significant; n = 5-8 mice/genotype.

Results

Direct interaction between WRP and
phosphoinositide-containing lipids

F-BAR domains are functionally diverse membrane-binding do-
mains that recognize distinct membrane lipids. The lipid speci-
ficity of the F-BAR domain of WRP and its homologs is currently
unknown. We initially assessed the specificity of the WRP F-BAR
domain in vitro (Fig. 1A). Purified WRP was screened for its
ability to directly bind lipids by overlay onto membranes con-
taining an array of membrane lipid spots. After extensive wash-
ing, specific binding was detected using immunoblot analysis.
Purified WRP F-BAR domain bound several lipids, including
phosphatidic acid (PA), phosphatidylinositol (4,5)-bisphosphate
(PIP,), and phosphatidylinositol 3,4,5-trisphosphate (PIP;), and
cardiolipin (Fig. 1B). Importantly, binding was not observed
with phosphatidylserine (PS), suggesting the WRP F-BAR do-
main does not bind all negatively charged lipids but instead dis-
plays specificity for binding. A positive control, the pleckstrin
homology (PH) domain of protein kinase C delta (PKC-8), only
bound PIP,, suggesting that binding was specific under the con-
ditions of this assay (supplemental Fig. S1 A, available at www.
jneurosci.org as supplemental material). The results from the
overlay experiments were confirmed using a cosedimentation

assay. This assay detects binding in solution using the more
physiological presentation of lipids as liposomes. Liposomes
containing 70% phosphatidylethanolamine (PE), 20% phos-
phatidylcholine (PC) and 10% of the indicated lipids were pre-
pared by extrusion and incubated with the WRP F-BAR.
Liposomes were pelleted by centrifugation, and equal volumes of
the supernatant and pellet fractions were assayed for the levels of
WRP F-BAR by Western blot analysis (Fig. 1C). WRP F-BAR was
not enriched in the pellet fraction of either buffer alone or PE/
PC-containing liposomes (Fig. 1C, top two panels). When PA,
PIP,, or PIP; were present in the liposomes, however, the WRP
F-BAR domain was enriched in the liposome-containing pellet
fraction (Fig. 1C, bottom three panels). These results confirm
that the WRP F-BAR domain binds PA, PIP,, and PIP; as dem-
onstrated in Figure 1 B.

This result was also replicated for full-length WRP. Recombi-
nant WRP was purified from suspension HEK293 cells and tested
for its ability to bind liposomes containing PIP,. When incubated
with buffer alone, WRP was completely soluble (Fig. 1D, lanes
1,2). By contrast, it was enriched in the pellet fractions when
incubated with PIP,-containing liposomes (lanes 3,4). Thus, the
ability of the WRP F-BAR domain to bind membrane lipids is
recapitulated by full-length WRP.

To determine whether the affinity of the WRP F-BAR domain
for lipids is within physiological ranges, binding constants were
measured for PIP, using the cosedimentation assay (supplemen-
tal Fig. S1B-D). Results of these binding assays determined that
the apparent K, for PIP, bindingis 0.76 * 0.16 uM (supplemental
Fig. S1B, C). At this concentration, PA bound the WRP F-BAR to
a similar extent when compared to PIP,. PIP; bound the WRP
F-BAR slightly better than PA or PIP,, indicating that all three
lipids have an apparent K, for binding at or near 0.76 um, al-
though PIP; may have a higher affinity (supplemental Fig. S1D).
Thus, the WRP F-BAR domain is a high-affinity membrane lipid-
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Figure 2.

binding domain comparable to the affinity of other phosphoino-
sitide interaction domains (Itoh et al., 2001; Ford et al., 2002;
Tsujita et al., 2006). These results imply the possibility that the
membrane localization of WRP in cells is mediated by the specific
interactions defined in vitro. To test this possibility, WRP F-BAR
GFP was expressed in Cos-7 cells with and without the PIP, phos-
phatase Inp54. Inp54 is a yeast phosphatase that is highly specific
for PIP,. Expression of Inp54 in Cos-7 cells depletes cellular PIP,
by at least 50% (Raucher et al., 2000) and consequently also re-
sults in a loss of PIP; over time. Analysis of the membrane and
cytosolic levels of WRP F-BAR GFP in cells by quantitative fluo-
rescence measurements showed a dramatic relocalization of
WRP E-BAR GFP from the membrane to the cytosolic pool upon
expression of Inp54 (Fig. 1 E-H ). These cell-based assays confirm
the importance of the phosphoinositide and WRP F-BAR inter-
action for cellular membrane targeting. Furthermore, the WRP
F-BAR domain promotes the formation of and is enriched in
filopodial-like protrusions (Fig. 1E inset versus F, G insets).

The F-BAR domains of the srGAP family are all inverse
F-BAR domains

Analyses of the F-BAR domain in proteins such as FBP17 and
stGAP2 have shown that it can either produce invagination or
evagination of membranes (Kamioka et al., 2004; Tsujita et al.,
2006; Carlson and Soderling, 2009; Guerrier et al., 2009). This
possibility for WRP was tested in cell-based assays for WRP.
Overexpression of FBP17 in Cos-7 cells induced membrane in-
vagination as described previously (Fig. 24, inset) (Kamioka et

F-BAR domains of the srGAP/WRP family facilitate outward protrusions of the cell membrane. A-D, Cellular expres-
sion of several F-BAR domains in Cos7 cells. Fluorescent maximum projection images of Cos7 cell expressing FBP17-GFP (4), WRP
F-BAR-GFP (B), srGAP2 F-BAR-GFP (C), or srGAP1 F-BAR-GFP (D). Boxed regions are depicted as inset images. Arrow in inset of 4
indicates tubulated membrane. E-H, Representative scanning electron micrographs of cell expressing WRP F-BAR GFP (E, F) or
GFP FBP17 (G, H). Boxed regions in E and G represent regions shown in F and H. Scale bars, T wm.
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al., 2004; Tsujita et al., 2006). In contrast
to FBP17, WRP F-BAR did not cause in-
vagination but instead led to outward
protrusions along the cell surface (Fig.
2B). These outward protrusions were very
similar to those induced by the F-BAR do-
main of srGAP2, which also facilitated the
appearance of outward “filopodial-like”
structures when expressed in cells (Fig.
2C) (Guerrier et al., 2009). The srGAP1
F-BAR domain also led to similar mem-
brane protrusions (Fig. 2D), suggesting
that this family of Rho-GAPs collectively
defines an “inverse F-BAR” or IF-BAR do-
main that is functionally distinct from
other F-BAR domains such FBP17. We
further analyzed the ability of the WRP
IF-BAR domain to facilitate outward pro-
trusions by scanning electron micros-
copy. These observations confirmed that
unlike the FBP17 F-BAR domain, the
WRP IF-BAR domain led to protrusions
at the dorsal as well as lateral sides of cells
(Fig. 2 E-H).

Divergence of the WRP IF-BAR from
the canonical F-BAR domains of FBP17
and CIP4 was further suggested by multi-
ple sequence comparisons (supplemental
Fig. S2A, available at www.jneurosci.org
as supplemental material). These align-
ments showed that most residues in
FBP17 and CIP4 that were identified to
interact with membrane lipids are not
conserved in WRP. This lack of conserva-
tion was not attributable to the method of
alignment, because residues involved in dimerization of FBP17
and CIP4 were well conserved within the WRP IF-BAR. Chemical
cross-linking experiments suggest that WRP can dimerize/oli-
gomerize, indicating this feature is indeed conserved between the
WRP F-BAR and other F-BAR domains (supplemental Fig. S2 B,
left). Regarding residues involved in lipid binding, only three
lipid binding residues in FBP17 (Shimada et al., 2007; Frost et al.,
2008) were also found in WRP (Arg54, Arg55, and Lys77). Inter-
estingly, increasing concentrations of KCl disrupt the ability of
the WRP F-BAR domain to bind PIP, in cosedimentation assays
analogous to other F-BAR and I-BAR domains (supplemental
Fig. S2C) (Saarikangas et al., 2009). This suggests that although
there is little conservation of lipid-binding residues between
other F-BAR domains and the WRP F-BAR domain, positively
charged surface residues of the WRP F-BAR domain interact with
phosphoinositides by electrostatic interactions. Thus, a mu-
tagenesis screen of arginine and lysine residues within the WRP
IF-BAR domain was performed to identify residues that are re-
quired for membrane binding as conducted previously for other
F-BAR domains (Fig. 3) (Tsujita et al., 2006; Shimada et al., 2007;
Frost et al., 2008). These screens identified eight amino acids that,
when mutated to glutamic acid, abolished membrane targeting in
cells (Fig. 3A, B). In vitro cosedimentation assays confirmed that
these mutations did not completely inhibit F-BAR function but
instead significantly reduced the ability of the WRP IF-BAR do-
main to directly bind purified liposomes (Fig. 3C,D). Addition-
ally, chemical cross-linking also suggested that these mutations
did not impair the ability of WRP to dimerize/oligomerize (sup-
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The WRP F-BAR membrane interaction interface maps to the presumed convex surface. A, Representative fluorescent images comparing the subcellular distribution of YFP, WT WRP

F-BAR YFP, and several mutants of the WRP F-BAR domain. Identity of each mutant is indicated in the lower right quadrant of each panel. Scale bar, 10 wm. B, Graph comparing each construct
against soluble YFP in cells using a ratio of fluorescence at the membrane (F,,) to cytosolic fluorescence (F,,). Note that several mutants are not significantly different from soluble YFP. Data
represents mean = SEM; *p << 0.05, **p << 0.01, ***p << 0.001, YFP versus any other construct. , D, Analysis of purified mutant WRP F-BAR domain interactions with PIP, by cosedimentation
assay. C, Representative images of fluorescently stained SDS-polyacrylamide gels showing the amounts of wild-type WRP F-BAR domain (WT), or those of four mutants (K235, R211E/R212E,
K216E/K217E, R279E) in the supernatant (Sup) or pellet fractions. The results of cosedimentation assays with either buffer alone or PIP,-containing liposomes are shown. D, Graph showing the
quantitative analysis of three independent experiments for the amount of each mutant protein cosedimentating with PIP, as a percentage of the wild-type F-BAR domain. Data represent mean =
SEM; *p << 0.05, **p << 0.01, WT versus any other protein. E, Structural model of the WRP F-BAR domain monomer based on alignments to FBP17. Each view of the structure is labeled in the lower
right quadrant. Locations of amino acid residues screened by mutagenesis are labeled in each view. Positions that affected membrane targeting are colored red, whereas positions that did not affect

subcellular localization are colored yellow.

plemental Fig. S2 B, right). Finally, the effect on GAP activity and
the ability to associate with WAVE-1 for one of these mutations,
R211E/R212E, was tested (supplemental Fig. S2D, E). These as-
says confirmed that the effect of these mutations was limited to
disrupting the ability of WRP to bind membrane lipids.

To approximate where in the WRP F-BAR domain these res-
idues may reside, a structural model was constructed based upon
the homology from the known structure of FBP17. Importantly,
all eight mutations that disrupted membrane targeting were clus-
tered on the convex surface and tip of the WRP F-BAR structural
model (Fig. 3E, red). Residues that did not effect membrane lo-
calization in the WRP F-BAR domain (Arg54, Arg55, Lys77) but
are required in FBP17 were located on the sides and concave
surface (Fig. 3E yellow). These results, suggesting the predicted
concave surface does not bind membrane, agree with our in vitro
and in vivo data that show the WRP IF-BAR domain does not
inwardly tubulate membranes but instead facilitates outward
protrusions.

Regulation of dendritic spines by WRP

The physiological functions of WRP are likely to be neuronal, as
itis almost exclusively expressed in neurons and it is implicated as
a candidate gene for intellectual impairments associated with 3p

deletions in humans (Endris et al., 2002; Soderling et al., 2002;
Shuib et al., 2009). To examine this possibility, epitope-tagged
WRP was expressed in neurons along with soluble tdTomato
fluorescent protein and the localization of WRP was evaluated by
immunofluorescence (Fig. 4A—-C). WRP was enriched in den-
dritic filopodia (Fig. 4A) when compared to the soluble fill tdTo-
mato (Fig. 4B). In a similar manner, the WRP IF-BAR domain
was also enriched in filopodial protrusions but was largely absent
from the dendritic shaft (Fig. 4 D, solid arrows). In contrast, the
IF-BAR 211/212 mutant that no longer binds lipids was soluble
and not enriched in dendritic filopodia when compared to the
dendritic shaft (Fig. 4 E). Expression of the WRP IF-BAR domain
also led to elevated numbers of dendritic filopodia when com-
pared to neurons expressing either soluble tdTomato fluorescent
protein or the IF-BAR 211/212 mutant (Fig. 4F). In addition to
the enrichment of the IF-BAR domain in filopodia, there were
also clusters of the IF-BAR domain along the surface of the den-
dritic shaft (Fig. 4D, open arrow). These clusters were further
analyzed by live imaging in dendrites of the IF-BAR GFP along
with soluble tdTomato fluorescent protein in dendrites (Fig. 4G,
open arrow) (see also supplemental Movie 1, available at www.
jneurosci.org as supplemental material). Remarkably, IF-BAR
domain clusters formed buds along the shaft from which filopo-
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immunostaining of V5 epitope-tagged WRP (4) compared to the soluble fill tdTomato (B). C, Composite image showing the localization of WRP in filopodia and puncta along the shaft. D, Fluorescent
image of WRP IF-BAR domain in DIV9 cultured neurons. Solid arrows indicate examples of dendritic filopodia showing an enrichment in fluorescent intensity. Open arrow is an example of a cluster
of WRP along the shaft. E, Fluorescent image of WRP IF-BAR 211/212. Solid arrows indicate examples of dendritic filopodia, which do not show an enrichment in fluorescent intensity. F, Graph
showing the quantitative analysis of dendritic protrusion density in neurons expressing tdTomato fluorescent protein alone or in combination with either WRP [F-BAR GFP or WRP IF-BAR 211/212
GFP. Data are expressed as the mean percentage of tdTomato protrusions = SEM (%) from three independent experiments; ***p << 0.001, tdTomato versus IF-BAR GFP. G, Live imaging montage
of WRP [F-BAR GFP versus soluble tdTomato. Open arrow indicates example cluster of WRP IF-BAR that form buds from which filopodia emerge. Time elapsed is indicated in the top left of each panel.

dia directly emerged. Together, these data suggest that the WRP
IF-BAR domain may facilitate or sense initial membrane de-
formations on the dendritic shaft that are the sites from which
filopodia emerge. Loss of WRP might therefore reduce the
development of these structures.

Because excitatory postsynaptic spines are thought to de-
velop from dendritic filopodia, we next assessed the role of
WRP in regulating spine density in vitro (Fig. 5). A conditional
allele for WRP was produced by floxing the third exon (second
coding exon) with homologous recombination (supplemental
Fig. S3A-C, available at www.jneurosci.org as supplemental
material). Crossing these mice into a cytomegalovirus-Cre line
that expresses Cre in all tissues leads to a heritable deletion of
the exon and a complete loss of WRP protein as assessed by
immunoprecipitation and immunoblot analysis using a spe-
cific anti-WRP antibody (supplemental Fig. S3D, top). Other
WRP-related family members are still expressed as deter-
mined by immunoblotting with an antibody that recognizes
all members of the WRP and srGAP family (supplemental Fig.
S3D, bottom). Histological examination of all three genotypes
showed the WRP knock-out mice presented enlarged lateral
ventricles, the etiology of which is unclear (supplemental Fig.
S3E). Interestingly, enlarged lateral ventricles has been associ-
ated with terminal deletion of the short arm of chromosome 3
(p25-pter) in humans (Kariya et al., 2000). Although in some

animals the cortex appeared thinner, layering of the cortex
appeared normal, suggesting that WRP is not critical for cor-
tical migration as previously shown for srGAP2 (supplemental
Fig. S3F) (Guerrier et al., 2009).

Endogenous WRP protein is expressed throughout the devel-
opmental time period of synaptogenesis (supplemental Fig.
S3G). Thus the role of WRP during spinogenesis was tested in
vitro (Fig. 5) by transfecting cultured neurons from WRP fox/flox
mice with GFP-Cre and the soluble fill tdTomato at different time
points and then performing image analysis to assess the effect on
spine formation and development. Cre-mediated recombination
was examined in these primary cultures to ensure that excision of
the floxed allele could occur under these experimental conditions
(supplemental Fig. S3H). Neuronal cultures were first trans-
fected at DIV5 and then analyzed at DIV9 (Fig. 5A-C), the time
period over which the initiation of spinogenesis is maximal. Ex-
pression of GFP-Cre led to a significant reduction in dendritic
filopodia at DIV9 when compared to neurons transfected with
tdTomato alone (“control”) (Fig. 5D). Other measures of den-
dritic morphology were not significantly altered, including den-
drite shaft width (average width: WT = 474 = 32 nm; +Cre =
453 = 19 nm). Because only a limited fraction of the neurons
within the culture expressed Cre, these results suggest that WRP is
required for efficient dendritic filopodial formation in a cell au-
tonomous manner. The combined biochemical and cellular re-
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sults of Figures 1-5D could suggest that the function of WRP in
spine development is limited to the initiation but not mainte-
nance of spines. To test this hypothesis we transfected homozy-
gous floxed neurons with Cre either before or after the onset of
dendritic filopodia and determined how the loss of WRP at dif-
ferent developmental stages in vitro would affect spine density.
Transfection of Cre at DIV5 (before dendritic filopodial forma-
tion) resulted in a 20% reduction in spine density (Fig. 5E-G). In
contrast, transfection of Cre at DIV9 (after dendritic filopodia
appear) had no significant effect on spine density (Fig. 5H-J).
Together, these results strongly support the hypothesis that WRP
is required during the early (filopodial) stages of spine develop-
ment. The role of the WRP IF-BAR domain was next directly
tested in a rescue assay for filopodial density (Fig. 5K). As shown
in Figure 5D, Cre expression in WRP floxed/floxed neurons lead
to a significant reduction in filopodial density when compared to
control neurons expressing only tdTomato. Re-expression of
full-length WRP led to a return of filopodial density to a level that
was not significant from control wild-type levels. Expression of
the isolated IF-BAR domain also rescued filopodial protrusion
density, whereas expression of full-length WRP that contained
point mutations in the IF-BAR domain did not. Together, these

data show the WRP IF-BAR domain is sufficient to rescue den-
dritic filopodial density in the absence of WRP. Thus, the loss of
WRP in this assay is primarily due to the loss of the functional
IF-BAR domain, which can support membrane protrusions dur-
ing filopodial formation.

The observation that WRP regulates early spinogenesis in cul-
tured neurons was next tested in vivo using WRP wild-type,
heterozygous, and knock-out mice. WRP wild-type, heterozy-
gous, and knock-out mice were crossed into Thy-GFP mice,
which express GFP in a mosaic pattern within the hippocampus
and cortex (Fig. 6 A) (Feng et al., 2000). Confocal image analysis
of dendritic sections from both the CA1 region of the hippocam-
pus as well as layers IV/V of the cortex permitted the analysis of in
vivo spine density and morphology between littermates of all
three WRP genotypes (Fig. 6 B-D). A complete loss of WRP re-
sulted in a 24% reduction within CA1 (Fig. 6 B) and a 30% reduc-
tion within the cortical layers IV/V of spine densities (Fig. 6C)
when compared to wild-type and heterozygous mice (Fig. 6 D).
Spines in vivo display a range of morphologies, and this morpho-
genic variation is thought to reflect functional differences in spine
strength and stability (Matus, 2000; Yuste and Bonhoeffer, 2001;
Hayashi et al., 2004; Carlisle and Kennedy, 2005). Classes of
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spines based on morphology include mushroom-shaped, thin,
stubby, and filopodial spines (Lendvai et al., 2000). Mushroom-
type spines are believed to represent stable or mature spines that
have increased synaptic strength compared to other types of
spines. Therefore, the morphology of spines was also classified
across all three genotypes (Fig. 6E, F). Surprisingly, although
heterozygous mice had a similar total spine density compared to
that of wild-type animals, the numbers of mushroom-shaped
spines were reduced from wild-type levels and were closer to
those of knock-out animals. This was due to an increase in the
numbers of thin spines at the expense of the mushroom-type
spines. Morphological differences were also observed in vitro be-
tween WRP wild-type and knock-out neurons. WRP ¥/1°% peys-
rons transfected with Cre recombinase at DIV5 showed a
significant reduction in the density of both mushroom shaped-
spines (WT = 24.0 * 2.4 spines/100 mm; +Cre = 13.2 = 1.2
spines/100 mm, p = 0.0026) and thin spines (WT = 15.3 = 1.2
spines/100 mm; +Cre = 7.8 * 1.2 spines/100 mm, p = 0.0029)
but no significant differences in the stubby or filopodial shaped
spines (data not shown). These data, when combined with the in
vitro spinogenesis results, suggest the spine abnormalities in the
WRP mutant mice may have been due to an early developmental
requirement for WRP function. To test this hypothesis, the WRP

mice were bred with SLICKV mice, which coexpress CreERT2
along with soluble YFP in a mosaic pattern in neurons (Fig. 6G)
(Young et al., 2008). Although our WRP antibodies were not
useful for immunostaining to prove loss of WRP in Cre-positive
neurons, we did bias the experimental design in two ways toward
efficient loss of WRP. First, SLICKV-positive wild-type versus
WRP mice that had one allele deleted and one allele floxed were
treated with tamoxifen for 5 d by oral gavage starting a P60, an age
after the majority of spines have developed. This treatment effi-
ciently induces recombination of the single floxed allele in 95—
96% of YFP-positive neurons in the hippocampus and cortex
(Young et al., 2008) (Dr. Guoping Feng, McGovern Institute for
Brain Research, Massachusetts Institute of Technology, Cam-
bridge, Ma, personal communication). Secondly, treated mice
were harvested after 2 weeks following the end of the tamoxifen
treatment to allow for protein turnover of previously existing
WRP. Comparison of the spine density between wild-type and
the conditional WRP knock-outs showed no differences in spine
density in the hippocampal CA1 region or in layers IV/V of the
cortex (Fig. 6 H-J). These data support the hypothesis that WRP
is dispensable for maintenance of spine density but is required for
spine development.
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Role of WRP in long-term memory

Because the spine morphology analysis indicated that the cir-
cuitry of the WRP heterozygous and knock-out animals may be
altered developmentally and because evidence suggests that WRP
could be a determinant for mental retardation in patients with
distal 3p microdeletions (Endris et al., 2002; Shuib et al., 2009),
we also analyzed the behaviors of the WRPH*, WRP™'*, and
WRP ™'~ mice. All three genotypes performed equally well in
tests of motor function and anxiety-like responses (supplemental
Fig. S4, available at www.jneurosci.org as supplemental mate-
rial). For example, latencies to fall from the accelerating rotorod
were similar across genotypes (supplemental Fig. S4 A). The three
genotypes were also indistinguishable in the open field, indicat-
ing that anxiety behaviors did not differ (supplemental Fig. S4 B).
In another test of anxiety-like behavior, responses were not dif-
ferentiated by genotype in time spent in the lighted or darkened
chamber in the light—dark emergence test (supplemental Fig.
S4C), the latency to enter the lighted chamber (supplemental Fig.
S$4D), or the number of transitions between chambers in the
light—dark emergence test (supplemental Fig. S4E).

In contrast, loss of WRP led to significant impairments in
long-term memory as measured in multiple behavioral tests such
as novel object recognition, water maze, and passive avoid-
ance (Fig. 7). Novel object recognition examines hippocampal-
dependent nonspatial learning and memory (Roberts et al.,
2009). Mice were habituated to an enclosed chamber for 10 min
each for 1 d. Following habituation to the empty test chamber,
mice were allowed to explore two identical novel objects for 10
min during a single training session. No significant preference for
exploring either object was observed (Fig. 7A, Train). Twenty
minutes later, mice were allowed to explore one the familiar ob-
ject versus a novel object in a test of short-term memory (Fig. 7A,
STM). All three genotypes preferred the novel object, suggesting
that short-term memory was intact. In contrast, when the test was
repeated 24 h later, long-term memory was significantly impaired
in both the WRP heterozygous and knock-out mice (Fig. 7A,
LTM). These deficiencies were not due to differences in explor-
atory behavior, as total exploration time during the training
(Train), short-term memory (STM), and long-term memory
(LTM) tests were indistinguishable among genotypes (Fig. 7B).

A deficiency in learning and memory for both WRP heterozy-
gous and knock-out mice was also observed in the Morris water
maze test (Roberts et al., 2009) of spatial learning and memory. In
this test, mice were trained to escape from a pool of water by
swimming to a hidden platform using spatial cues, and perfor-
mance was evaluated by their latency to reach the platform (swim
time). On test day 1, WRP knock-out mice had a significantly
longer swim time compared to wild-type and heterozygous litter-
mates (Fig. 7C). This difference, however, was not observed on
subsequent days, and by day 6 all three genotypes reached the
platform within 10 s. Probe trials on days 2, 4, and 6 (supplemen-
tal Fig. S4 F-H) further confirmed that all three genotypes per-
formed similarly during the acquisition phase of the water maze,
although WRP heterozygous mice were unable to distinguish be-
tween the target northeast quadrant versus the adjacent nontar-
get quadrants northwest and southeast on day 2 (supplemental
Fig. S4G, day 2). Together, these data show that overall the three
genotypes were able to learn and remember the location of the
hidden platform over the 6 d testing period, but WRP heterozy-
gous and knock-out mice showed some slight deficiencies in early
training. To test long-term memory, a remote memory probe
trial was conducted 21 d after the last acquisition trial on day 28.
In this test the wild-type mice were able to remember and distin-
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guish the target quadrant (northeast) from all other nontarget
quadrants (Fig. 7D, E). In contrast, both the WRP heterozygous
and knock-out mice did not remember or distinguish the target
quadrant, showing that loss of WRP was associated with impaired
remote memory. Reversal learning was also examined by training
the mice to relearn the location of the platform in the quadrant
opposite (southwest) to that of the initial target (northeast) (Fig.
7F-I). In reversal, the knock-out mice were significantly im-
paired relative to the wild-type and heterozygous mice (Fig. 7F).
Probe trials were also performed on days 31, 33, and 35 of reversal
(Fig. 7G-I). These probe trials confirmed that the wild-type mice
could distinguish the new target from each of the nontarget quad-
rants (Fig. 7G), whereas the WRP knock-out mice could not (Fig.
7I). Interestingly, the WRP heterozygous mice also had some
difficulty distinguishing the target from nontarget quadrants in
the initial probe trial on day 31 (Fig. 7H). Impairments in the
water maze were not due to altered swimming ability, as all three
genotypes had similar swim velocities on each day of the acquisi-
tion and reversal tests (Fig. 7] ). Together, these data demonstrate
that both the WRP heterozygous and knock-out mice have im-
paired long-term memory in the Morris water maze; however,
the knock-out animals are clearly more deficient.

WRP mice were tested in a third learning and memory test,
passive avoidance (Fig. 7K, L). Mice were trained on this task for
five consecutive days and were tested 72 h (day 8) after the final
conditioning trial. On the first day of training, no genotype dif-
ferences were discerned (Fig. 7K ). However, on subsequent days
the performance of WRP wild-type mice steadily improved,
whereas latencies to cross to the darkened chamber for WRP
heterozygous and knock-out animals remained low and did not
change across training. On day 8 the latencies for the mutant mice
were not significantly different from that of day 1 training.
Hence, they were severely impaired. By contrast, WRP wild-type
animals continued to avoid the chamber paired with foot shock,
signifying intact LTM. One reason for the possible genotype ef-
fect could be attributed to differences in sensitivities to foot
shock. When mice were evaluated for behavioral responses to an
increasing intensity of foot shock, no genotype differences were
observed up to 5 wAmps (Fig. 7L). Similarly, no genotype distinc-
tions were detected in the latency to enter the darkened versus the
lighted chamber in the absence of aversive stimuli (supplemental
Fig. S4D). Thus, the impairments of the WRP heterozygous and
knock-out animals cannot be attributed to genotype differences
in motivation or sensitivities to foot shock. Spatial working mem-
ory was also evaluated in the WRP mutant animals using the
Y-maze test. In this test, however, there was no genotype effect on
performance, suggesting that working memory is intact in the
WRP heterozygous and knock-out mice (supplemental Fig. S41).
Together, these behavioral data demonstrate that haploinsuffi-
ciency or complete loss of WRP can lead to deficiencies in multi-
ple tests of learning and memory. These deficiencies appear to be
strongest on long-term memory, as the mice are normal in short-
term and working memory tests. These findings may bear some
similarities to the cognitive impairments associated with mi-
crodeletions within 3p25-p26 in humans.

Discussion

Much progress has been made in understanding how the mor-
phology and function of dendritic spines are altered by the actin
cytoskeleton (Matus, 2000; Honkura et al., 2008; Wegner et al.,
2008; Nadif Kasri et al., 2009). In comparison, relatively little is
known about the signaling mechanisms that regulate the initial
development of dendritic filopodia (Hotulainen et al., 2009).
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Figure7.  WRP heterozygous and knock-out mice are impaired in multiple learning and memory tests. 4, Analysis of WRP WT, WRP heterozygous (HET), and WRP knock-out (KO) mice response
in the novel object recognition test, n = 7—9 mice per genotype. No significant differences in object preferences were detected during training or STM. Both HET and KO mice were significantly
impaired in the LTM preference test, indicating impaired memory in these animals. B, No differences among genotypes were found in the total object exploration time during the training, STM, or
LTM, demonstrating that time spent in object exploration was not confounded with object preference. C, Graph depicting the swim time for each genotype to reach the platform during the
acquisition phase (days 1 6) of water maze testing. While KO mice were impaired on day 1 compared to WT and HET mice, all three genotypes performed similarly on days 2— 6. D, Remote memory
was measured in a delayed probe trial (day 28). WT mice preferentially spent more time searching in the target (northeast) quadrant versus all other nontarget quadrants, whereas both HET and KO
mice were impaired in the task. NE, Northeast; NW, northwest; SE, southeast; SW, southwest. E, Representative swim-trace patterns for WT, HT, and KO mice. Schematic of the four quadrants is
shown in the top left panel. The target quadrant is shaded in each panel. F, Two days after the probe trial on day 28, mice were tested for their ability to relearn and remember a new position for the
platform in the SW quadrant (SE). WRP KO mice were impaired on relearning compared to their WT and HET littermates, further supporting a learning and memory deficit in these mice. G-I, Graph
of probe trials during the reversal test on days 31, 33, and 35. Wild-type mice (G) preferentially searched the target quadrant (i.e., SW) on each day. HET mice (H) showed a mild deficit on day 31,
whereas KO mice (/) could not distinguish the target from the nontarget quadrants on each probe day. J, All genotypes had a similar swim velocity during the acquisition and reversal trials,
demonstrating that swimming ability was not impaired in the mutants. K, Learning and memory processes were assessed in the five trial passive avoidance test. Mice were trained once each day for
five consecutive days and then tested 72 h later on day 8 for LTM. Mean latency to enter the aversive chamber is shown for each genotype. While WRP WT mice learn to avoid the aversive chamber,
as indicated by increased latency to enter the chamber, WRP HET and WRP KO mice are impaired in this response. L, Shock sensitivity for each genotype was determined by ethologically scoring to
anincreased range of foot shock. All three genotypes responded similarly to the aversive stimulus. The amperage used in K for passive-avoidance was 0.3 (1A, as indicated by the dashed line. Data
are expressed as mean == SEM. n = 5— 8 mice per genotype; *p < 0.05 compared to WT, + p << 0.05 compared to day 1.

During synaptogenesis, the dendrites of neurons are known to
develop numerous filopodia along the shaft. These filopodia are
believed to probe the immediate environment for appropriate
presynaptic contacts (Ziv and Smith, 1996; Fiala et al., 1998;
McAllister, 2007; Toni et al., 2007). Upon contact, some filopodia

are stabilized and may form the initial bridge between the den-
dritic and axonal shafts that is important for subsequent synapse
development and maturation (Kayser et al., 2008; Lohmann and
Bonhoeffer, 2008). The work presented here shows that WRP
facilitates the development of dendritic filopodial protrusions
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and that loss of WRP leads to a reduction in these protrusions.
Because dendritic filopodia may function in early synapse selec-
tion, this loss may be correlated to the reduction in mushroom-
shaped spines in adult WRP mutant animals. Mechanistically, it
appears that the WRP IF-BAR domain can facilitate remodeling
of the membrane to initiate filopodial evagination, most likely by
binding lipids via a convex surface. The finding that loss of WRP
also leads to learning and memory deficits supports the putative
linkage between haploinsufficiency of WRP and mental retarda-
tion in humans.

Molecular mechanisms linking WRP to early

spine development

The anchoring of WRP to subcellular compartments is mediated by
the IF-BAR domain via direct interactions with phosphoinositide-
rich membranes. WRP binds to phosphoinositide-containing lipids
by the N-terminal IF-BAR domain, and the affinity for this inter-
action (Ky, 0.76 uM) is comparable to other PH (0.1 um for
PLCé1), and F-BAR domains (0.4 uM for FBP17) (Tsujita et al.,
2006). Like other F-BAR domains, the WRP IF-BAR domain
appears to interact with lipids via electrostatic contacts between
positively charged surface residues and negatively charged lipid
head groups. Yet, the interface by which the WRP IF-BAR do-
main binds lipids is likely to be distinct from the well character-
ized FBP17/CIP4 lipid interactive surface. Several observations
support this notion. For example, most of the conserved arginine
and lysine residues in FBP17 and CIP4 that bind to membrane are
not conserved in WRP/srGAP IF-BAR domains. Only three res-
idues in WRP are conserved with FBP17 and CIP4: Arg55, Arg56,
and Lys77. Mutational analysis of these residues suggest they are
not involved in lipid binding in WRP, as these mutants are still
targeted to the membrane in cells. Further analysis identified a
distinct and unique set of arginine and lysine residues that, when
mutated to glutamic acid, reduced membrane and lipid binding
as determined by in vivo and in vitro assays.

An additional line of distinction between the WRP IF-BAR
and other F-BAR domains is suggested by mapping the location
of mutations that disrupt lipid binding in WRP to a structural
model of the WRP IF-BAR domain. This structural model was
based on homology of the WRP IF-BAR domain to the solved
structures of the F-BAR domains of FBP17, CIP4, and FCHo2.
Final verification of the structure of the WRP IF-BAR domain,
however, will have to be determined experimentally. Despite
these limitations, the structural model presented here provides an
estimation of the structure of the WRP IF-BAR domain. Using
this model as an initial framework for interpreting the mutational
data, it appears that all mutations that affect lipid binding are
clustered at the predicted tip and convex surface of the WRP
IF-BAR domain. This is in stark contrast to the lipid binding
surface of all other characterized F-BAR domains, which all use
the tip and concave surface. In FBP17 and CIP4, it is thought that
membrane binding to the concave surface is part of the mecha-
nism that enables these F-BAR domains to invaginate the mem-
brane. We speculate that the proposed convex binding surface of
WRP potentiates its subcellular targeting to outwardly projecting
structures, such as dendritic filopodia. Thus, the combined mu-
tational analysis and structural model suggests a mechanism of
how the WRP IF-BAR domain may facilitate outward protru-
sions. Our studies of dendrites lacking WRP also show that den-
dritic protrusions still form, albeit at a significantly lower
frequency, indicating that WRP-independent mechanisms must
also exist. One attractive possibility is that other I-BAR (Mattila et
al., 2003; Choi et al., 2005) or srGAP family members may func-
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tion in the absence of WRP during spinogenesis. Recent analysis
of the actin cytoskeleton by electron microscopy shows a highly
branched network of actin filaments that fills dendritic buds and
filopodial structures similar to those that the WRP IF-BAR do-
main prefers (Korobova and Svitkina, 2010). This highlights the
likelihood that to produce outward protrusions, which are ener-
getically unfavored, the cell probably coordinates membrane re-
modeling with the regulation of actin dynamics to maximize the
efficiency of filopodial production. Thus, while our rescue data
suggest the WRP IF-BAR domain is sufficient to rescue filopodia
density in WRP-deficient neurons, it is quite possible WRP also
coordinates actin dynamics through its Rac GAP domain and
WAVE-1 binding SH3 domain (Luo etal., 1996; Nakayama et al.,
2000; Tashiro et al., 2000; Tashiro and Yuste, 2004). This regula-
tion of actin could also contribute to the spine density and spine
maturation and/or morphology differences we observe in vivo.
Future work will be needed to examine the role of WAVE-1 in
dendritic filopodia and spine morphology.

Role of WRP in long-term memory
The data presented above are consistent with the role of WRP
early during synaptogenesis, but indicate that WRP is not re-
quired for maintenance of spine number after spines have devel-
oped. This fits with the reduced spine density in WRP-null mice,
but normal density in mice with the conditional loss of WRP in
adulthood. Our biochemical and cellular data also support the
possibility that the IF-BAR domain alone has important neuro-
physiological functions. These results are consistent with the ob-
servation that a splice variant of WRP that only contains the
IF-BAR domain exists. It also potentially explains studies of hu-
man mutations showing that truncation of WRP toward the end
of the IF-BAR domain is not associated with mental retardation
(Hamdan et al., 2009), whereas disruption of WRP within the
IF-BAR domain is associated with retardation (Endris et al.,
2002). Because different mutations in WRP lead to different phe-
notypes regarding mental retardation in humans, there is cur-
rently no clear consensus as to whether loss of WRP functions is
causative for human cognitive impairments (Endris et al., 2002;
Hamdan et al., 2009; Shuib et al., 2009). The behavioral results
presented here clearly show thatloss of WRP function by deletion
of a critical exon within the IF-BAR domain leads to memory
deficits in mice, both in heterozygous and knock-out animals.
Thus, our data support the contention that haploinsufficiency of
WRP in humans is associated with some forms of mental retar-
dation. Interestingly, we did not observe impairments in tests of
short-term memory and working memory. The WRP heterozy-
gous and knock-out mice appeared to be most deficient in tests
involving long-term memory. Numerous studies have observed
altered density and morphology of spines in human patients of
mental retardation, suggesting that altered circuitry underlying
mental retardation is correlated with these abnormalities (Pur-
pura, 1974; Ramakers, 2002; Nadif Kasri and Van Aelst, 2008).
The reduced density of mushroom-shaped spines in the WRP
heterozygous and WRP knock-out mice may be a contributing
factor to the long-term memory dysfunction of these mice, anal-
ogous to density and behavioral alterations seen in dominant
negative PAK transgenic animals (Hayashi et al., 2004). Further-
more, our previous analysis of mice expressing a mutant form of
WAVE-1, which is impaired for WRP binding, showed the ho-
mozygous mice were also deficient in long-term memory (Soder-
ling et al., 2007). Thus, the behavioral characterization of the
WRP mice is consistent with our previous analysis of WAVE-1.
Why do the WRP knock-out mice have reduced densities of
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mushroom-shaped spines? One likely reason is due to the defi-
ciencies in the initiation of spinogenesis during filopodial for-
mation, which critically depends on the IF-BAR domain.
Interestingly, the process of spinogenesis occurs early in the post-
natal period, during which neuronal circuitry formation is
fine-tuned (Konur and Yuste, 2004; Zuo et al., 2005). In the
developing cortex, filopodial turnover is highly sensitive to per-
turbations in sensory experience, and this is thought to be impor-
tant during synapse formation (Lendvai et al., 2000; Konur and
Yuste, 2004). Because loss of WRP alters the normal course of
spinogenesis, we speculate that this may permanently alter cir-
cuitry formation and function. Such an effect could underlie
some of the behavioral deficiencies we observe. Interestingly, the
WRP heterozygous mice also have reduced numbers of mush-
room type spines, but this is due to an increase in the long/thin
spines. Mechanistically, the basis for this difference is unclear, but
it can imply that either a separate spine maturation defect is
present or that the initiation of dendritic filopodia is sufficiently
altered temporally or spatially to affect downstream maturation
events. It is important to note, however, that behaviors such as
learning and memory are complex, and it is quite possible that
factors other than spine defects in the mutant mice also contrib-
ute to the phenotype. For example, the WRP knock-out animals
have enlarged ventricles, and it is conceivable this morphology
difference or other unknown differences also contribute to the
phenotypes. It will also be of future interest to analyze the synap-
tic plasticity of the WRP mutant mice. Previous studies of the
WAVE-1 mutant mice suggest late phase long-term potentiation
could be especially affected (Soderling et al., 2007).

In summary, this study identifies a WRP-dependent molecu-
lar mechanism for potentiating membrane protrusions that likely
facilitate the development of spines in vivo in mice. Furthermore,
behavioral studies of the WRP heterozygous and knock-out mice
reinforce the link between haploinsufficiency of WRP and cogni-
tive impairments observed in 3p— syndrome in humans.
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